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APPLICATION OF 3-D RADIATIVE TRANSFER THEORY TO ATMOSPHERIC CORRECTION OF LAND
SURFACE IMAGES
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ABSTRACT

For certain types of land scenes, the computation of atmo-
spheric effects on remotely-sensed imagery must include
consideration of scattering processing requiring the usage
of three-dimensional radiative transfer theory. Develop-
ment of correction algorithms to compensate for these
effects in satellite imagery must therefore incorporate this
theory into the mathematical formalism. We describe the
theoretical basis for this assertion and suggest methods by
which such corrections can be accomplished. In addition to
development of a correction algorithm, estimation of the
optical properties of the atmospheric aerosols is also nec-
essary. We describe a technique, based on three-dimen-
sional radiative transfer theory, for estimating an impor-
tant atmospheric parameter, the aerosol opacity.

Keywords: Atmospheric Corrections, Radiative Transfer,
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1. INTRODUCTION

It is well established that scattering and absorption by
aerosols are responsible for dramatic modifications of the
spectral content of remotely sensed images of the Earth’s
surface. The presence of aerosols degrades the apparent
resolution of the sensor (Ref. 1), results in classification
errors (Refs. 2 - 3), and reduces the accuracy of image
products such as vegetation maps (Refs. 4 - 6). Attenua-
tion of sunlight resulting from scattering and absorption
losses within the incident and reflected beams is offset by
scattered radiance resulting from light whivh has been (1)
reflected by the atmosphere without reaching the surface
(path radiance), (2) subjected to multiple reflections
between the atmosphere and surface, and (3) scattered
into the line of sight from the neighboring terrain. The latter
phenomenon, known as the "adjacency effect”, has been
studied by Pearce (Ref. 7), Kaufman (Ref. 1), Diner and
Martonchik (Refs. 8 - 9), and others. This effect can be
charactered by an atmospheric blurring function that
reduces surface contrast at 10 - 100 m scale by more than
20%.

In this paper we report on our efforts to recover both atmo-

spheric optical depth and true surface reflectance from sim-
ulated satellite images. In contrast to the open ocean,
where the effects of the atmosphere on spaceborne
imagery can be accounted for without requiring determina-
tion of the absolute optical properties of the marine
acrosols (Ref. 10), the reflectance heterogeneity and vari-
ability in land surface covers preclude extension of such
algorithms to the solid Earth. Thus, atmospheric correction
of land scenes will require determination of the bulk optical
properties of the continental aerosols, including the optical
depth, T, single-scattering albedo, @,, and the size distri-
bution, which is commonly characterized as a Junge (power
law) distribution with exponent v. This information must
then be used in an inversion scheme based on radiative
transfer theory. We argue that three-dimensional radiative
transfer (3DRT) theory is a key component of atmospheric
correction formalisms for high resolution land scenes, par-
ticularly those containing small water bodies, because
adjacency effects as well as the more commonly encoun-
tered diffuse radiance effects must be taken into considera-
tion. In addition, the use of this theory is integral to the
development of techniques for retrieving the important
aerosol properties needed to characterize the remotely-
sensed scene.

2. ATMOSPHERIC EFFECTS

The goal of any atmospheric correction scheme is the
retrieval of surface reflectance using input radiances mea-
sured at the top of the atmoshere (TOA). The radiance
leaving the top of an atmosphere shrouding a heteroge-
neous surface scene may be calculated using 3DRT theory
(Refs. 8 - 9, Ref. 11). To a high degree of accuracy, the

solution can be expressed as
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where I(x,y;u,uo,(p—(bo) is the TOA radiance as a function

of surface spatial coordinates x and y, optical depth T and
single scattering albedo @,, cosines of the view and illumi-

nation angles p and Ky -and the relative solar azimuth
angle ¢—¢,. The first term on the right-hand-side of Eq. 1,

the  atmospheric reflectance field, To(tg.0—0,), is the
radiance reflected by the atmosphere without any surface
interaction; the second term is the direct field radiance, the
field which is not scattered by the atmosphere upon leaving
the surface; and the third term is the diffuse field radiance,
including, as a component, the "adjacency effect” field.
D' uy0"—0,) is the total downward directed radiance at

the surface, p(xy;u,u.0—¢°) is the surface reflectance,
TCoy;i1',0-¢") is the upward directed diffuse transmit-
tance point spread function, and the symbol ® denotes a
convolution over x and y.

As an example of the "adjacency effect”, we modeled the
TOA radiance over a 2 km wide clear lake surrounded by
brighter surface vegetation. Figs. 1 and 2 show the optical
properties of the water, vegetation, and atmospheric scat-
terers assumed in the model. Using Eq. 1 in a 3DRT algo-
rithm, we calculated the TOA spectrum of the water (Fig.
3). This spectrum shows a steep rise in reflectance
towards the blue and an apparent but erroneous vege.ation
content due to the “adjacency effect”. From this type of
simulation we conclude that atmospheric corrections for
such images at high spatial resolution will require an inver-
sion algorithm which incorporates 3DRT theory.
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Figure 1. Surface reflectance spectra used in 3DRT scene
modeling.
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Figure 2. Atmospheric opacity spectra used in 3DRT
scene modeling.
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Figure 3. Computed top-of-atmosphere spectra of water
as a function of distance from shore.

3. OPTICAL DEPTH RETRIEVAL

A technique for determining aerosol opacity over land (Ref.
12) takes advantage of the fact that the atmospheric
reflectance and the diffuse fields resulting from atmospheric
scattering have a limited spatial structure (defined by a
cutoff frequency) as compared to the direct field. Let us
take the Fourier transform of Eq. 1 and denote u and v as
the spatial frequencies corresponding to x and y. We
obtain:

Iy 0—0,) =

10(}1,110,‘1)‘%) Suv + CXP("C/IJ) S

1r2n_ , , B , ’ ’
x w7 [P 0D 00y dg” +
070

+ n"f xfzn;(u,v;p.,;.i’,Q)—q)’) X
070

1,20
xf f PVl 1”0 0" )DL 50" ~0)
00
dp”d¢”du’dy’, {2}

where the overbars indicate the Fourier transform, Suv is

the Dirac delta function and the convolution operation has
transformed into multiplication. According to 3DRT theory,
the term T(u,v;up’,0—0") in Eq. 2 becomes negligible at
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spatial frequencies beyond the cutoff frequency. Since &,

is zero for nonzero u and v, then at high frequencies Eq. 2
becomes
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Ru,v;u,u0,¢—¢0) is determined by spatial Fourier trans-
forming multi-angle imagery of the Earth. Let us rewrite
the surface reflectance such that p(y;uu,0—¢) =
A(y)p’(xy;u,0—0"), where A(x,y) is the hemispheri-
cal albedo. If the normalized surface reflectance,
p'Ox,y;u,0—0") is then parameterized as a series expan-
sion, for example,

P YK 9-0) = aCry’) + 31 - a(x,y;u)] u/2 +
+ bloy;p) [1 - u'2 cos(9~0), (4}

the opacity 7 can, in principle, be obtained by employing a
least-squares analysis on the  multi-angle images. Note
that the coefficients in Eq. 4 are chosen so that p” is prop-
erly normalized after integration over angle.

To test the retrieval concepts presented in this paper, a
computer-simulated multi-angle image set was generated
for a single wavelength (550 nm). A total of eight images
were created with view angles situated in the principal
plane and spaced at p values equal to 0.3, 0.5, 0.7 and 0.9
(0 = 25.8°, 45.6°, 60.0° and 72.5°), both forward and aftward
of nadir. The complex surface spatial structure of natural
terrain was obtained by using visible wavlength, radiomet-
rically calibrated Landsat Thematic Mapper imagery (in
this example, the Pasadena, California area). The pixel
radiances were converted to equivalent reflectances and
first order atmospheric effects removed by subtracting a
constant background bias from each pixel, such that the
darkest pixel in the scene was defined to be black. The
resulting pixel values were then interpreted to be surface
hemispherical albedos to which a given normalized direc-
tional reflectance was assigned. These surface reflectances
are based on field measurements (Refs. 13 - 14), and rep-
resent different surface covers, including soils, crops and
forests. A one-to-one correlation between absolute hemi-
spherical albedo and surface reflectance type was defined
such that the complete set of albedo values in the scene
spanned all 38 surface types in the data set. In this manner
a simulated, non-lambertian surface scene, p(xXy;u.p 0—
¢), was specified. The atmosphere above the surface
scene was modeled as horizontally homogeneous with
both molecular and aerosol opacity. The molecular Rayleigh
scattering component had an opacity of 0.1 and a scale
hieght of 8 km; the aerosol component had an opacity of
0.212, a single-scattering albedo of unity, a phase function
asymmetry parameter of 0.51, and a scale height of 2 km.

The first term in Eq. 1, [(1,H,,0-9,), is spatially uniform
(horizontally) and was computed using standard 1-dimen-
sional radiative transfer techniques. The horizontal varia-
tion in the downward radiance at the surface, D(u’,po,0~

¢,), is minimal and was assumed to be invariant; therefore

it also was computed using the 1-dimensional transfer
code, using the average surface reflectance as the lower
boundary condition. The third term in Eq. 1 involves a con-
volution which is best handled by Fourier transforming the
term. This results in the multiplication of two factors, the

diffuse transmittance optical transfer function, Tuv(u,uo,q)—
¢,), and the transformed upward surface radiance. The

optical transfer function was computed, starting with the
Fourier transformed equation of transfer in 3 dimensions
(Ref. 8), and using successive orders of scattering (Ref.
15) to compute the Fourier transformed transmissivity
(optical transfer function) for first and second order scatter-
ing up through spatial wavenumbers u,v = 25. Higher
orders of scattering in 3 dimensions produce negligible spa-
tial effects and were not computed, but the 1-dimensional
(u,v = 0) transmissivity for all orders of scattering was
included. The diffuse field radiance was obtained by an
inverse transform of the computed Fourier diffuse field. A
composite top-of-atmosphere image was then made for
each of the eight view angles by summing the results for
the individual terms in Eq. 1.

The surface images p(x,y;u,0',0—¢") were composed of
256 x 256 pixels requiring the usage of a 2-dimensional
fast Fourier transform (FFT) algorithm to perform the dif-
fuse field computations. In the subsequent retrieval proce-
dure, each composite image was 1-dimensionally trans-
formed line-by-line, producing a Fourier transformed radi-
ance which can be expressed by Eq. 3 for u 2 25. These
transformed radiances, corresponding to the same line in
each of the eight images, were then modeled by a assum-
ing a parameterized form for p(xy;u,1,9-9¢"), as specified
in Eq. 4, and a least-squares analysis performed to
retrieve T for that individual line. The results yield a range
of t values which are depicted as a histogram in Fig. 4. The
success of this technique is evidenced by the peaking of
the histogram near the correct value of total opacit input
inte the model (0.312).
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Figure 4. Histogram of opacity retrieved from analysis of
simulated top-of-atmosphere multi-angle images.

4. SURFACE REFLECTANCE RETRIEVAL
(ATMOSPHERIC CORRECTIONS)
Once the optical properties of the atmospheric aerosols are
known, either an iteration-relaxaton scheme or a direct
inversion scheme can be used to obtain the parameters in
the scene surface reflectance. In the relaxation method, a
lambertian reflectance can be used as an initial guess and
the resulting TOA radiances computed via Eq. 1. These
computed radiances are then compared to the measured
radiances in the eight view images and the differences
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used to construct a nonlambertian correction term to the
initial guess scene surface reflectance. This iteration pro-
cess is repeated until convergence of computed and mea-
sured radiances is achieved. In the direct inversion method,
a parametric model for the surface reflectance is assumed.
This can be the same model used in the optical depth
retrieval method described above (Eq. 4). A least-squares
analysis of the eight images is then used to solve for the
spatially varying reflectance coefficients a and b, and the
hemispherical albedo A. Both the relaxation and inversion
methods make use of Fourier processing to simplify the
convolution operations intrinsic to the 3DRT theory.

5. CONCLUSIONS

Atmospheric correction of land images requires (1) deter-
mination of the optical parameters of the aerosols which
overlay the surface of interest, and (2) an inversion algo-
rithm to remove atmospheric effects from the imagery. We
have demonstrated that 3DRT theory is a key component
of techniques which address both of these requirements.
Ultimately, these studies will lead to an efficient, opera-
tional, and accurate atmospheric correction scheme to be
used in satellite-based investigations of land surface pro-
cesses.
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